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The principle of relativity is one of the main general
laws of physics. Since it applies in particular to motion
in empty space it is related to the symmetries of this
space. Thoughts about this subject within the framework
of classical physics have led to the theory of relativity [1].
The emergence of quantum theory has then profoundly
altered our conception of empty space by forcing us to
consider vacuum as the realm of quantum field fluctua-
tions. The notion of quantum vacuum and the existence
of vacuum fluctuations unavoidably lead us to reconsider
the question of relativity of motion. The present arti-
cle is devoted to this aim with a main line which can
be formulated as follows: “The principle of relativity of
motion is directly related to symmetries of quantum vac-
uum”. Keeping close to this statement, we discuss the
controversial relation between vacuum and motion. We
introduce the question of relativity of motion in its his-
torical development before coming to the results obtained
more recently.
Movement in space cannot be defined otherwise than
movement in vacuum. This assertion was formulated by
Leucippus and Democritus more than 2000 years ago. In
the context of that time, it has to be understood as a
logical necessity rather than a physical statement in the
modern sense. The existence of movement is a matter
of evidence which forces us to conceive a space in which
movement takes place [2]. The absence of resistance to
motion is a key condition in this respect and in fact con-
stitutes the main argument for the definition of the con-
cept of vacuum. At the same time vacuum is a positive
physical reality which clearly differs from nothingness. It
is in particular the reference with respect to which move-
ment has to be identified. These properties are certainly
paradoxical at first sight. This paradox has raised numer-
ous discussions and it has conserved its whole pertinence
ever since the birth of modern physics until today.
After a long eclipse dominated by Aristotelian con-
cepts, the question of relativity of motion was brought
anew to the fore by Galileo [3]. His central argument,
“Movement is like nothing”, not only signifies that a mo-
tion with uniform velocity is indistinguishable from rest.
It also implies that a motion with uniform velocity has no
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observable effect when it is composed with a second mo-
tion. This is the deep meaning of the famous discussion
of motion in a moving boat used by Galileo in the Dial-
ogo to emphasize the property of relativity [4]. Of course
this property is rigorously true only when the resistance
of air to motion can be ignored. Newton stressed this
fact in the Principia in order to identify the empty space
in which motion takes place with the vacuum which had
just been the subject of the first experiments of Torricelli,
Pascal, von Guericke and Boyle. As we know today, the
Newtonian laws describing inertia or gravity already con-
tain the Galilean principle of relativity, as it was named
by Einstein, although Newton himself had argued for the
absolute character of his space reference. The theory of
relativity has freed space from this absolute character
and one of the reasons for that was precisely that it was
contradictory with Galilean relativity. After the advent
of this theory, the relation between motion and space can
be made explicit as follows: the expression of the laws of
motion are symmetry properties of space or, equivalently,
the symmetries of empty space imply the laws of motion.
The formulation of the theory of relativity has largely
been built upon the symmetries of Maxwell’s equations.
Indeed the empty space of classical physics is a reference
for writing not only the laws of mechanics but also the
propagation of the electromagnetic field. However, the
development of classical physics was based on the ide-
alization that space can be thought as being absolutely
empty. This classical idealization could not be main-
tained, not even as a limiting case, when it was realized
that space is always filled with freely propagating radia-
tion fields after the birth of statistical mechanics and then
of quantum mechanics. Black body radiation is present
at every non-zero temperature and it undoubtedly pro-
duces real mechanical effects. It exerts a pressure onto
the reflecting boundaries of a surrounding cavity and pro-
duces a friction force when reflecting surfaces are moving.
Those two effects are analogous to the pressure exerted
by air molecules on the walls of a container as was made
clear by Einstein’s theory of Brownian motion [5]. It is
precisely for explaining the properties of black body ra-
diation that Planck introduced the first quantum law in
1900. At zero temperature this law describes a region
of space limited by a cavity and entirely emptied out of
radiation. In order to approach a practical realization
of vacuum, it is not sufficient to remove all matter from
this enclosure since one also has to lower the temperature
down to zero to eliminate thermal radiation.
Later on in 1912, Planck was led to modify his law
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in order to improve its agreement with known results in
the classical regime reached at high temperatures. The
modified law predicts that fluctuations remain present
at zero temperature, from which Nernst deduced in 1916
that space is permanently filled with an electromagnetic
field propagating with the speed of light [6]. The ex-
istence of these zero-point fluctuations or vacuum fluc-
tuations, which correspond to half of the energy of one
photon per electromagnetic field mode, was confirmed by
the full quantum theory developed after 1925 [7]. Fluc-
tuations thus appear as an inescapable consequence of
Heisenberg’s inequalities. To sum up this lesson of quan-
tum theory, one may say that it establishes a necessary
identity between the potentiality of movement and the
presence of movement. As soon as space allows move-
ment, which is of course an essential feature of space,
then movement exists and in particular subsists at zero
temperature. In the same way, as soon as space allows
field propagation, which is equally a fundamental prop-
erty of space, then fields are present. Quantum physics
forbids the absence of movement as well as the absence
of propagating fields. The ground state of a mechanical
oscillator is defined as the state where its mechanical en-
ergy is minimal. In the same way, quantum vacuum is
defined as the field state where the energy of field fluctu-
ations is minimal.
Then naturally the question arises whether the pres-
ence of fluctuations in quantum vacuum is compatible
with the principle of relativity of motion. It is this dis-
cussion which we will sum up in a non-technical manner
in this article. More technical arguments as well as a list
of references can be found elsewhere [8].
Some preliminary remarks should still be mentioned.
Most of the time the discussions devoted to Heisenberg’s
inequalities stress the limits they impose on the precision
of a measurement. Insisting on the notions of uncertainty
or even of indeterminacy however presents the serious
disadvantage that it fixes the ambition of physicists with
respect to a classical description of physical phenomena,
although quantum theory has been developed precisely
in order to remove the deficiencies of this description.
The successes of quantum theoretical description of nat-
ural phenomena plead for a quite renewed point of view.
Quantum fluctuations are intrinsic properties of physical
quantities which display their inherent quantum nature.
Today’s knowledge allows for a theoretical understand-
ing and also for an experimental study of these proper-
ties. In certain experiments one can even manipulate the
quantum fluctuations in order to reduce the noise they
produce on a particular signal [9].
The fluctuations of the electromagnetic field which re-
main in the vacuum state have well known observable
effects [10]. An isolated atom in vacuum interacts only
with vacuum fluctuations and this interaction is responsi-
ble for the spontaneous emission processes during which
the atom changes its internal state by falling from a
higher energy level to a lower one. When fallen in the
ground state, the state of lowest energy where it can no
longer emit photons, the atom is still coupled to vac-
uum fluctuations and this coupling results in measurable
effects like the Lamb shift of the atomic absorption fre-
quencies. Two atoms in vacuum are coupled to the field
fluctuations which produce an attractive force between
them, the so-called Van der Waals force. This force plays
a very important role in physical and chemical processes
and its quantum theoretical interpretation has been stud-
ied since the first years of quantum theory. While study-
ing this problem, Casimir discovered in 1948 that there
exists also a force between two mirrors placed in quan-
tum vacuum [11]. The vacuum fluctuations are modified
by the cavity formed by the mirrors and their energy de-
pends on their relative distance. Hence vacuum exerts a
force which mutually attracts the mirrors to each other.
This Casimir force, as it was called later on, depends
only on the distance and on two fundamental constants,
the speed of light c and the Planck constant h¯. This
is a remarkably universal feature in particular because
the Casimir force is independent of the electronic charge
in contrast to the Van der Waals forces. We have al-
ready noticed that any pragmatic definition of vacuum
necessarily involves a region of space limited by some en-
closure. The Casimir effect signifies in fact that the en-
ergy of vacuum depends on the configuration of this cav-
ity from which it follows that its boundaries experience
forces arising from radiation pressure of vacuum fluctu-
ations. Although the Casimir force is relatively small it
has been observed in several experiments [12].
Vacuum fluctuations thus play a central role in the
modern description of the structure of matter. They ex-
plain numerous novel effects which have been observed
without any ambiguity. Their existence is directly asso-
ciated with a fundamental property of quantum physics,
namely the representation of any physical quantity by an
observable defined with the help of non-commuting math-
ematical objects. Their status nevertheless continues to
raise intricate questions. One reason for this situation
is the obvious fact that their representations are often
incompatible with the intuitions inherited from classical
physics. More fundamental reasons are related to the se-
rious difficulties which have remained unsolved for a long
time and, for some of them, still remain unsolved at the
interface between the physics of vacuum fluctuations and
the laws of mechanics or gravitation.
The archetype of these difficulties is the relation of
vacuum energy to gravitation. The total vacuum energy,
that is to say the energy summed over all field modes in
their vacuum state, takes an infinite value. This implies
that vacuum energy does not contribute in a standard
way to gravitation since the universe would have a very
different appearance otherwise. One simple way to deal
with this problem is to set the vacuum energy equal to
zero and, therefore, to use it as a reference for all other
energies [13]. In contrast to a widely spread opinion this
prescription does not allow to ignore the gravitational
effects of vacuum. Indeed vacuum energy is modified in
a space curved by the gravitational field. Furthermore,
2
even if the mean value of the vacuum energy does not
contribute to gravitation its variations necessarily con-
tribute to it. Yet, the spatial distribution of vacuum en-
ergy changes continuously as it is composed of field fluc-
tuations which propagate with the speed of light. The
energy density of vacuum shows fluctuations which man-
ifest themselves as fluctuations of space-time curvature.
It is possible to discuss some of these questions in anal-
ogy with the standard formalism of quantum field theory
(a discussion and references can be found in [14]). How-
ever a final answer to these questions will not be reached
until a satisfactory quantum description of gravitation is
available.
As already stated in the introduction, from the mere
point of view of logics movement in space must be un-
derstood as movement in vacuum, so that the presence of
field fluctuations in quantum vacuum forces us to recon-
sider the notion of motion itself. This question has been
discussed at length in connection with attempts to obtain
a consistent description of motion for elementary quan-
tum objects like the electron [15]. It has been learned
from classical electrodynamics that the expression of the
force acting on a moving charged particle contains a con-
tribution, known as the Abraham-Lorentz force, describ-
ing the reaction to motion entailed by the electromag-
netic field emitted by the particle. The modern quan-
tum theory tells us that the radiation reaction force is
directly related to the vacuum field fluctuations through
the fluctuation-dissipation relations, which are the quan-
tum generalizations of the classical results of Brownian
motion theory [16]. The occurence of a dissipative force
induced by motion of the electron and its direct associa-
tion with vacuum fluctuations forbid to obtain any con-
sistent description of atoms within the classical frame-
work. In the quantum theory, this crisis was only solved
at a very high price since any mechanical description of
movement was abandoned for elementary quantum ob-
jects [17]. Before discussing this point in more detail
in the next paragraphs, let us notice that this was not
the end of the story. Vacuum field fluctuations were
also shown to modify the inertial mass of a point-like
scatterer and, furthermore, to lead to an infinite mass
correction. A renormalization prescription was designed,
which states that the real mass of the particle is finite,
as the result of adding the infinite positive correction to
a bare mass which is itself infinitely negative. However,
other difficulties emerge as outcomes of this approach.
In particular, the mechanical response of the particle to
an applied force shows instability and violates causality
[18]. In fact, the renormalization procedure used to keep
the particle mass finite in spite of an infinite correction is
incompatible with a causal mechanical description [19].
These difficulties have led most of the theoretical physi-
cists to adopt a pragmatic point of view which has proved
itself useful in the microscopic domain. Any mechan-
ical description is then given up in this domain where
physical descriptions are instead built on quantum field
theory. Taken seriously, this approach forces physicists
to renounce to general principles of mechanics at the el-
ementary level of microscopic physics whereas the me-
chanical description of nature has a validity restricted to
the macroscopic domain [20]. This a priori separation be-
tween microscopic and macroscopic domains has now lost
the pragmatical pertinence it had when the argument was
formulated, due to the progress towards highly sensitive
measurements approaching the quantum level of sensi-
tivity for macroscopic objects [21]. From a more funda-
mental point of view, this solution cannot be satisfactory
since it rejects the mechanical questions which concern in
particular inertia and gravitation outside the framework
of quantum theory. Although the problems of inertia
and gravitation differ, they are directly related to each
other. In the domain of gravitation also, vacuum field
fluctuations modify the laws of motion by the introduc-
tion of dissipative reaction terms which lead to stability
problems [22]. Both cases point at difficulties generated
by the mixture of classical and quantum theoretical de-
scriptions, namely Einstein or Newton equations on one
hand and quantum field theory on the other hand. It is
known more generally that any description built on a too
crude mixing between classical and quantum formalisms
is necessarily plagued with inconsistencies [23].
The general problem of quantum field theory with
moving boundaries has emerged as an outcome of the
thoughts about possible approaches to this problem [24].
This subject may be considered as an extension of the
study of Casimir force, precisely of vacuum radiation
pressure on reflecting boundaries, to the case of moving
boundaries. At the same time, it is directly related to
the questions raised by quantum descriptions of motion,
inertia or gravitation. As it will become apparent in the
following, this problem has been given formulations well
adapted to the present theoretical framework of quantum
physics and has led to satisfactory solutions of some of
the general difficulties mentioned above.
Let us first consider the simple case of a mirror mov-
ing with a uniform velocity. Clearly there exist two very
different situations depending on whether motion takes
place in vacuum or in a thermal field. The principle of
relativity of motion applies to the first situation but not
to the second one. Should vacuum exert a force on a
mirror with a uniform velocity, the reaction of vacuum
would distinguish between inertial motion and rest. As
expected, quantum theory predicts the friction force to
vanish in this case so that the principle of relativity of
uniform motion is valid in quantum vacuum. Besides,
quantum theory gives an interesting interpretation of this
property according to which vacuum fluctuations appear
exactly identical to an inertial observer and to an ob-
server at rest. The invariance of vacuum under Lorentz
transformations is an essential condition for the principle
of relativity of motion and it establishes a precise relation
between this principle and a symmetry of vacuum.
We now come to the general case of arbitrary motion
in vacuum. In 1976, Fulling and Davies showed that a
perfectly reflecting mirror moving in vacuum emits radi-
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ation as soon as the mirror has a non uniform accelera-
tion [25]. Meanwhile, the motion tends to be reduced to
a uniform acceleration by the reaction of vacuum. The
change of mechanical energy associated with damping is
dissipated in form of emitted radiation and the reaction
force follows from the associated momentum exchange.
This motional force is directly related to fluctuations of
the vacuum radiation pressure as they may be evaluated
for a mirror at rest, in full consistency with the quan-
tum fluctuation-dissipation relations [26,27]. When the
equations of motion in vacuum are modified in order to
take the motional force into account, it turns out that
mirrors possess causal mechanical response functions and
hence stable motions in vacuum. It has to be noted that
the expression of the reaction force coincides with the
Abraham-Lorentz derivative in the limit of a perfectly
reflecting mirror which thus raises the same problems
as in the case of the electron. This difficulty is solved
by a careful description of the reflection properties of
the mirror, accounting in particular for the fact that any
real mirror is certainly transparent at high frequencies.
The motion of a real mirror in vacuum is described in
a consistent manner once these points are satisfactorily
dealt with [28]. Furthermore, a full treatment of the cou-
pling between the mirror’s motion and the field scattering
shows that the vacuum fluctuations of the quantum field
are eventually transmitted to the position of the mirror,
even if the latter was originally considered as classical.
In any realistic situation, the mechanical effect of vac-
uum upon the mirror may be considered as vanishingly
small and the mirror is found in this limit to obey the
standard Schro¨dinger equation [29]. These results prove
that the objections against the possibility of giving a con-
sistent quantum representation of motion in vacuum can
be bypassed. They also show that the solution involves
subtle correlations between the descriptions of motion in
vacuum and of vacuum itself. For instance, the fluctu-
ations associated with motion in vacuum can in no way
be treated as uncorrelated with the fields fluctuations of
vacuum in which motion takes place.
The existence of motional effects also questions the
principle of relativity of motion applied to arbitrary mo-
tions in vacuum. As the reaction of vacuum vanishes for
uniform velocities it does not raise any problem to the
theory of special relativity. In contrast a non-uniformly
accelerated motion produces observable effects, namely
the resistance of vacuum against motion and the emission
of radiation by the moving mirror into vacuum. Quantum
theory thus allows us to sketch the outline of a framework
where the questions raised in the introduction find con-
sistent answers. Space is not empty since vacuum fluctu-
ations are always present. These fluctuations effectively
represent a reference for the definition of motion because
they give rise to real dissipative effects in the general
case of an arbitrary motion. At the same time, they do
not damp uniform motions since quantum vacuum obeys
Lorentz invariance. The physical properties of quantum
vacuum are thus consistent with logical requirements of
ancient atomists as well as with the Galilean principle of
relativity of motion.
In this context, it would be extremely interesting to
obtain experimental evidence for motional dissipative ef-
fects. Although these effects are extremely small for any
motion which could be achieved in practice for a single
mirror, an experimental observation could turn out to
be conceivable with a cavity, instead of a single mirror,
oscillating in vacuum. Due to a resonance enhancement
of the emission of motional radiation the experimental
figures become indeed much more promising in this case
[30].
The radiation reaction force calculated by Fulling and
Davies for a single mirror in vacuum is proportional to
the Abraham-Lorentz derivative associated with its mo-
tion. Hence, it vanishes exactly for a uniformly accel-
erated motion. One question then arises, which natu-
rally generalizes the one already met when considering
uniform motion. How do vacuum fluctuations appear
for an observer with uniform acceleration? The absence
of reaction of vacuum against uniformly accelerated mo-
tion would suit well the invariance of vacuum fluctua-
tions under a group of transformations corresponding to
observers with uniform acceleration as well as uniform
velocity. This question has raised and still raises numer-
ous controversial discussions between physicists [31]. To
understand this controversy it is necessary to describe
what is often called the Unruh effect which predicts that
vacuum fluctuations should appear as thermal fluctua-
tions in a uniformly accelerated reference frame [32]. The
effective temperature, which is proportional to Planck
constant and to acceleration, is analogous to the Hawk-
ing temperature of the field radiated by the surface of
a black hole [33]. This analogy plays an important role
in the arguments pleading in favor of the physical real-
ity of the Unruh effect but it can be questioned as both
situations are clearly different within the framework of
general relativity. The curvature of space-time is not in-
volved in a change of reference frame whereas it plays a
central role in the description of a black hole.
Concerning the problem of relativity of motion, the
Unruh effect shows serious drawbacks. If vacuum is re-
ally different for accelerated and inertial observers, this
certainly makes it difficult, if not impossible, to describe
inertia in a consistent quantum formalism. In particular
difficulties should arise when analysing situations which
involve composed motions. For example a motion with
uniform velocity in an accelerated frame should give rise
to a vacuum reaction like uniform velocity in an ordi-
nary thermal field whereas a uniformly accelerated mo-
tion in a frame obtained from a Lorentz transformation
would be free from dissipation. Contradictions are also
met concerning energy conservation for an accelerated
detector. Furthermore, the interpretation of detection
processes appear to depend on the reference frame. As
far as this point is concerned different results have been
obtained depending on the model used for the detector
[31]. For those models involving detectors which click
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when accelerated in vacuum it can even happen that the
detection process is found to be related now to absorp-
tion then to emission of a photon. More generally it
is impossible to preserve the usual understanding of the
principle of relativity because the notions of vacuum or
photon number are not the same for different observers
[34].
These difficulties have their origin in a too rapid iden-
tification of uniformly accelerated reference frames with
their Rindler representation. This particular represen-
tation of accelerated frames favors a criterion of rigidity
in the transformation of solid bodies. A consequence of
this choice is that Maxwell equations are modified in the
change of reference frame. The Unruh effect essentially
tells us that the definition of vacuum is also altered in a
Rindler transformation and that the accelerated vacuum
obtained after the transformation appears as a thermal
field. But the Rindler representation of accelerated ref-
erence frames is not the only possible one. In fact an
infinite number of representations exist when one only
imposes the condition that a given point with uniform
acceleration is brought to rest. Furthermore, the the-
ory of general relativity does not provide any manner to
privilegiate one particular representation of accelerated
frames since it convincingly argues that physical results
cannot depend on the choice of a particular map of space-
time.
In quantum theory in contrast, motion must be un-
derstood as taking place in a space filled with vacuum
fluctuations. This feature implies to attach a particu-
lar importance to those transformations to accelerated
frames which leave vacuum invariant. This leads to favor
conformal coordinate transformations which have been
known for a long time to leave Maxwell equations in-
variant [35]. These tranformations represent a natural
extension of Lorentz transformations which also include
uniformly accelerated frames [36]. An essential property
of conformal transformations is to preserve the definition
of vacuum fluctuations [37] and, more generally, the def-
inition of particle number [38]. Hence there is no more
difference between the viewpoints of accelerated and of
inertial observers as far as their perception of vacuum
is concerned, provided that accelerated observers are de-
fined through conformal transformations. The fact that
vacuum exerts no force on a uniformly accelerated ob-
ject, already discussed for electrons and for mirrors, is
in fact a direct consequence of this symmetry property
of quantum vacuum. In this sense, the principle of rela-
tivity which was known for uniform velocities now has a
domain of application extended to uniform accelerations.
In the conformal representation of accelerated frames,
the Unruh effect disappears as well as the paradoxes it
creates. A deep reason for the difficulties mentioned
above is that Rindler transformations do not form a
group. In fact they do not even compose well with
Poincare´ transformations. But the discussion of the prin-
ciple of relativity is mainly based on group properties
obeyed by the composition of motions and these argu-
ments do not hold for Rindler transformations. The
situation is much more favorable for conformal coordi-
nate transformations which form a group including the
Poincare´ transformations besides the conformal changes
to accelerated frames. In particular, the composition of
a uniformly accelerated motion with an inertial motion
results in another uniformly accelerated motion. Asso-
ciated with preservation of Maxwell equations and of
electromagnetic vacuum, these group properties amply
justify the use of conformal transformations to repre-
sent uniformly accelerated reference frames. The confor-
mal representation is the natural choice when relativistic
properties are interpreted as invariance properties rather
than mere form-invariance relations [39].
Furthermore, a clear understanding of the notion of
quantum particles requires that the notion of vacuum has
been understood before. This point has been thoroughly
discussed in the present paper for what concerns the prin-
ciple of relativity of motion. It must equally be taken into
account when considering the extension of the equiva-
lence principle to the quantum domain. The thoughts
presented here plead for bringing out the symmetries of
vacuum, the quantum version of empty space, in the fore-
front of primary questions. As it has been shown here,
this should ensure compatibility of the conception of mo-
tion with the principle of relativity. It has also been
shown elsewhere that this approach fits perfectly well the
description of localization in space-time built upon sym-
metries of quantum fields. Precisely, conformal symme-
try allows to define quantum observables associated with
positions in space-time and to obtain their transforma-
tions under Lorentz transformations and transformations
to accelerated frames [40].
It has often been noted that the serious problems aris-
ing in the mechanical description of electrons is directly
associated with the fact that they are treated as point-
like structures although such a treatment certainly con-
tradicts their quantum nature. More generally, the clas-
sical conception of space as a set of points upon which
classical relativity is built with the help of differential ge-
ometry is challenged by the quantum nature of physical
observables. The design of new conceptions of motion
and localization in space could therefore reveal itself a
preliminary step to the solution of yet unsolved prob-
lems lying at the interface between quantum theory and
gravitation.
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